Abstract. We examined whether grazing fishes exert density-dependent effects on the spatial heterogeneity of resources and benthic species diversity in a tropical Andean stream. We hypothesized that bulldozer grazers (i.e., all or nothing grazing) can be important sources of spatial heterogeneity and that a unimodal relationship should exist between grazer density and resource heterogeneity. We reasoned that organismally generated heterogeneity would be minimal at low densities if grazers are ineffective, and at high densities if grazers thoroughly remove resources. In contrast, spatial heterogeneity should be highest at intermediate densities as bulldozer grazers maintain a dynamic mosaic of resource states. We posited that a corresponding unimodal relationship should exist between grazer density and benthic diversity, if resource heterogeneity is an important mechanism maintaining species diversity.
INTRODUCTION
Ecological heterogeneity is a theme that has both intrigued and frustrated ecologists, who have often viewed heterogeneity as a noisy irritant that obscures our capacity to decipher pattern and impart generality to the real world. Nevertheless, heterogeneity can have important implications for population dynamics, community structure, and ecosystem processes (e.g., Pickett and White 1985 , Pringle et al. 1988 , Kolasa and Pickett 1991 , Naeem and Colwell 1991 , Levin 1992 , Palmer and Poff 1997 , Hutchings et al. 2000 , Wiens 2000 , Cardinale et al. 2002 example, species coexistence may depend, in part, on spatial and temporal mosaics of resources (e.g., Horn and MacArthur 1972 , Levins 1979 , Huston 1994 , Rosenzweig 1995 .
Although considerable attention has been paid to understanding the consequences of heterogeneity for organisms, much less effort has been devoted to quantifying the role of organisms in generating spatial heterogeneity of their physical environment. Organisms that modify habitat, or ecosystem engineers, represent one likely set of biotic sources of spatial heterogeneity (Jones et al. 1994 , 1997 , Lawton 2000 , Pickett et al. 2000 . Engineering organisms are widespread in nature and have great potential to be strong interactors in natural communities due to their direct impact on habitat structure and the availability of resources to other organisms (Jones et al. 1994 (Jones et al. , 1997 . Surprisingly, there have been few attempts to experimentally manipulate such organisms and explicitly quantify their influence PLATE 1. Parodon apolinari (center) grazing on stone surface, leaving a large feeding scar. To the right and below the feeding scar is a heavy accumulation of sediment. Photo credit: B. W. Taylor.
on the spatial heterogeneity of their environment. Such an approach should prove useful for ultimately understanding the role of organisms in influencing habitat heterogeneity and the consequences of this heterogeneity for community and ecosystem processes.
Tropical streams are particularly amenable for deciphering the effects of organisms on resource heterogeneity. Tropical streams often have large numbers of epibenthic feeders, many of which are ''bulldozer'' grazers (i.e., ''all-or-nothing grazers'' sensu Sommer 1999 Sommer , 2000 that can create a spatial mosaic of algal and organic sediment resources by consuming or otherwise moving substantial quantities of benthic material (Power 1983 , 1990 , Pringle et al. 1993 , Pringle and Blake 1994 , Pringle 1996 , Flecker 1992 , 1997 . Here we examine the influence of fishes in generating spatial heterogeneity of resources and their effects on species diversity in a tropical Andean stream. We explored these themes by manipulating densities of Parodon apolinari, an abundant epibenthic feeder of the Andean piedmont region. Parodon is a ''bulldozer'' grazer (sensu Sommer 2000) that leaves readily distinguishable feeding scars on epilithic substrates. Although feeding scars do not tell us the precise composition of resources, they serve as surrogates of resource states and are convenient tools for assessing spatial heterogeneity because a large quantity of spatial data can be generated from relatively little sampling effort (e.g., Matthews et al. 1986 ). We viewed our experimental arenas as ''microlandscapes'' (see Wiens and Milne 1989 , Crist et al. 1992 , Wiens 2000 and adopted a series of measures developed in the landscape ecology literature to quantify spatial patterns as a function of fish density. We used observational studies combined with an experimental manipulation to address two questions: (1) Does spatial heterogeneity vary as a consequence of grazing-fish density? and (2) Are differences in spatial heterogeneity manifested in benthic community diversity? We found that bulldozer grazers such as Parodon indeed generate substantial spatial heterogeneity and that Parodon may be effective in maintaining species diversity of benthic invertebrates. Nevertheless, spatial heterogeneity may not be the important mechanistic link ultimately explaining patterns of species diversity.
DESCRIPTION OF THE STUDY SITE
The study was conducted in Rio Las Marias (9Њ10Ј N, 69Њ44Ј W), a midsized stream located in the Venezuelan Andean piedmont (see Flecker 1996 . During the dry season (generally between December and April), when stream flows are reduced, Rio Las Marias is transparent and there is substantial settling of sediments onto stony-bottom substrates. These sediments are relatively rich in organic content (ഠ10-60% ash-free dry mass [AFDM] ) and appear to be largely derived from decomposing periphyton and fish feces (Flecker 1992 (Flecker , 1996 . The field experiment reported here was conducted in March 1998 in a long pool (ഠ10-12 m wide) with minimal flow (Ͻ2 cm/s).
Rio Las Marias has a diverse assemblage of fishes with more than 80 fish species known from the site. Fishes and tadpoles that consume large quantities of benthic organic matter and algae are abundant. In this study, we used one of the most common grazing fishes, the characoid Parodon apolinari (Parodontidae), as our focal species (see Plate 1). Parodon apolinari is restricted to the Andean piedmont and montane streams (Taphorn 1992) , where they often aggregate in large, mobile schools. Densities of Parodon vary considerably both spatially (i.e., within and among pools) and among years (range: 1998 within-pool plots, 0-10.0 Parodon/m 2 ; 1998 among pools, 0-2.6 Parodon/m 2 ; 1999 within-pool plots, 0-18.1 Parodon/m 2 ; 1999 among pools, 0-3.7 Parodon/m 2 ). Their diet is composed largely of periphyton, and they clear accrued sediments as a consequence of their foraging activity. Parodon, like other epibenthic feeders in the Andean piedmont, leave characteristic feeding scars, often generating a mosaic of algal and detrital resources on the stream bottom (Flecker 1992 (Flecker , 1996 (Flecker , 1997 .
METHODS

Feeding scar heterogeneity
Our premise is that fish introduce considerable spatial heterogeneity of resources by consuming or disturbing sediments and algae on benthic substrates. To document the extent to which fish generate heterogeneity by clearing sediments in the natural stream setting, we quantified the distribution of fresh feeding scars, and different scar ''healing'' states from organic matter deposition. We laid out transects in each of 10 pools during the first and last weeks of January 1998 in order to quantify patterns of feeding scars by epibenthic fishes. A feeding scar ''resource state'' was qualitatively scored at points along each transect separated at 5-cm intervals. At each point, one of four states (0, 1, 2, 3) was assigned, representing (0) fresh feeding scars; (1) distinct feeding scars in early stages of ''healing'', that is, covered with a light sediment layer; (2) distinct feeding scars in later stages of ''healing'', that is, with a moderate to heavy sediment layer; and (3) heavy sediment displaying no evidence of a feeding scar. To quantify heterogeneity and assess whether within-pool spatial patterns varied among pools, we used a series of indices (evenness, patchiness, and contagion) that capture different components of landscape heterogeneity (see methods below for grazer density experiment).
In February and March 2000, we sampled sediments and algae from 44 stones in order to assess whether our qualitative scores of feeding scars effectively represented different resource states. Algae and benthic organic matter were sampled from 11 stones for each of the four categories of feeding scars. Stones were selected haphazardly from two pools and we only included those in which the entire sampled surface could be assigned to a single qualitative score. Loose (epipelic) and attached (epilithic) algae were separated for each stone and a subsample was collected for analysis of chlorophyll a, algal assemblage composition, and benthic organic matter. Loose fractions were collected within a 6.15-cm 2 circular template by lightly squirting water on the stone surface and collecting any loose material that was readily dislodged. The attached fraction was the remaining algae within the template removed with a toothbrush. Methods for algal and sediment analyses were identical to those described below for the grazer density experiment.
Grazer density experiment
Rationale.-In March 1998, we manipulated densities of the epibenthic fish, Parodon apolinari, to explore the effects of grazer density on spatial heterogeneity of resources. We posited that a nonlinear relationship should exist between Parodon density and the spatial heterogeneity of organic-rich sediment and algal resources producing a hump-shaped curve (see Poff and Nelson-Baker 1997) . We reasoned that at both high and low Parodon densities, low resource heterogeneity should be generated for contrasting reasons; fish at low densities should be ineffective at controlling resource distributions, whereas at high densities they should strongly limit resource abundance. Maximum heterogeneity therefore should be observed at intermediate densities at which fish can maintain a dynamic mosaic of resource patches. Our prediction was analogous to the suggestion that greatest heterogeneity is found at levels of intermediate disturbance, which generate a similar unimodal relationship (see Kolasa and Rollo 1991) .
In addition, we predicted that species diversity of benthic algal and invertebrate assemblages should be highest in Parodon treatments with the greatest resource heterogeneity. A large literature exists that has explored links between structural heterogeneity and species diversity, and such a relationship has virtually become an axiom in ecology. Thus, we expected that (1) Parodon would be effective at generating resource heterogeneity, (2) the greatest heterogeneity would be observed at intermediate fish densities, and (3) species diversity in intermediate Parodon treatments would be high due to the maintenance of a dynamic resource mosaic.
Experimental design.-We set up an enclosure experiment that allowed us to control fish density and quantify patterns of resource heterogeneity and community structure. Cages were constructed of 6-mm plastic mesh supported by rebar and enclosed an area of 8.06 m 2 (3.30 ϫ 2.45 m). This mesh size excluded most benthic fishes except the smallest size classes. Cages were built without floors so the bottom was natural stream. Natural bottom substrates enclosed by each cage were supplemented with cobbles collected from the stream in order to standardize substrate surface area across all enclosures. Four density treatments were established in a randomized complete block design: (1) low Parodon density (10 fish per cage), (2) mediumlow density (20 fish), (3) medium-high density (40 fish), and (4) high density (80 fish). These corresponded to Parodon densities of ϳ1.25, 2.5, 5, and 10 fish/m 2 , respectively, and were within the natural range of densities for the total grazing fish assemblage observed at the site. In addition, an open reference plot accessible to the natural fish assemblage was established in each block. We paid particular attention to minimizing differences in flow and depth among all treatments within a block. Three randomized complete blocks were set up totaling 15 experimental units (four treatments and one reference ϫ three blocks).
The experiment ran over a 14-d period. We chose to run this experiment for a relatively short duration because sediment feeding by fishes is a dynamic process whereby fish influence resource accrual within a time scale of hours to days (Flecker 1992 (Flecker , 1996 . Moreover, colonization rates and growth rates of insects and algae are extremely rapid in piedmont streams (Flecker 1992 , Flecker and Feifarek 1994 A. Flecker, unpublished data) . All stones lacked feeding scars at the onset of the experiment before fish were introduced to enclosures. On two dates, we quantified resource heterogeneity in each enclosure and at the end of the experiment we collected benthic algal, insect, and sediment samples. Spatial heterogeneity of resources was quantified using feeding scars as a surrogate of resource states (i.e., organic matter and algae). To score a cage, we placed a large quadrat inside that was divided into 300 grid cells, each 15 ϫ 15 cm. The quadrat was perched above the stream bottom and a portable, suspended walkway allowed us to score cages from overhead without disturbing the substrate. For each grid cell, we recorded the percentage of fresh feeding scars using a scoring system of eight discrete categories varying from 0 to 100%. These scores were then mapped allowing for analysis of differences in spatial structure of resources among the density treatments.
We sampled algae and invertebrates at the end of the experiment (i.e., day 14) from four randomly selected stones from each enclosure. We only sampled stones that were large enough to occupy most of a 15 ϫ 15 cm grid cell. Unlike feeding scars that could be quantified in all grid cells, invertebrate and algal samples were necessarily limited due to the logistical constraints of transporting and quantifying large numbers of benthic samples. Invertebrates were sampled using a small hand net (202-m Nitex mesh), preserved in 95% ethanol, and sorted to the lowest possible taxon. Algal samples were analyzed for chlorophyll a and species composition. Attached algal cells were removed with a toothbrush from a 6.15-cm 2 circle delineated with an acetate template. Algal samples were placed immediately on ice and chlorophyll was extracted in 90% ethanol (Nusch 1980) for 24 h and subsequently analyzed with a fluorometer (Model 10-AU, Turner Designs, Sunnyvale, California, USA) at the field site. Samples for algal cell counts were preserved in ϳ3% formalin and later enumerated.
Quantifying heterogeneity.-Spatial heterogeneity has many different attributes and no single metric incorporates all of them simultaneously (see Li and Reynolds 1994 , Forman 1995 , Cooper et al. 1997 , Wiens 2000 . We chose to quantify spatial heterogeneity using three landscape indices that capture different elements of heterogeneity: (1) contagion (O'Neill et al. 1988, Li and Reynolds 1994) as a measure of the extent that patch types are aggregated, i.e., spatial arrangement; (2) evenness (Romme 1982, Li and Reynolds 1994) as a measure of the relative proportion of different patch types; and (3) patchiness (Romme 1982, Li and Reynolds 1994) as a measure of the contrast between neighboring patch types. Contagion (C), evenness (E), and patchiness (P) indices all vary from 0 to 1; a low contagion value (i.e., approaching 0) represents a heterogeneous landscape, whereas, for evenness and patchiness, high values (i.e., approaching 1) represent heterogeneous landscapes.
In addition to landscape indices, we generated variate maps of feeding scars as visual tools for depicting spatial patterns of feeding scars among the different experimental treatments. Variate maps were produced using the geostatistical procedure of block kriging (Isaaks and Srivastava 1989) , with a block size of 15 cm across each enclosure, using the geostatistical software GSϩ, version 3.1.7 (Robertson 1998) .
Statistical analyses.-To assess the relationship between response variables (e.g., sediment heterogeneity, algal and invertebrate richness) and Parodon density, we used simple linear regression analysis and selected the best linear or curvilinear model using PROC RSREG in SAS Software (SAS Institute 1989). We used multivariate regression analysis in PROC GLM (SAS Institute 1989) when relating multiple dependent variables (i.e., contagion, evenness, and patchiness) to fish density. Both dependent (i.e., contagion, evenness, and patchiness) and independent (fish density) variables were treated as continuous. The response of different algal taxa to the Parodon density treatments generally did not display linear trends. As a result, these data were analyzed using a randomized block MAN-OVA with block as a random effect. Subsequently, individual algal groups were analyzed using ANOVAs, or by simple regression if a linear trend was evident. Cell count data were log transformed and analyzed using the PROC GLM procedure of SAS statistical software (SAS Institute 1989). For all randomized block design analyses, we left the blocking term in the model only when it was significant. Landscape indices were arcsine transformed to normalize the data and to equalize the variance among treatments.
Species richness was expressed for data rarified to the least abundant sample among the experimental treatments (invertebrates, 42 individuals; algae, 1331 individuals). Rarefaction generates the expected average number of species in a small collection of individuals by repeated random resampling of a large pool of individuals (Gotelli and Colwell 2001) . We rarified species richness because large differences in the numbers of individuals were found among treatments and rarefaction allowed us to compare species richness by scaling to an equal number of individuals drawn per sample (McCabe and Gotelli 2000, Gotelli and Colwell 2001) . Rarefaction is especially desirable for estimating species richness in situations where the number of individuals varies greatly among experimental treatments so as not to confound treatment effects on abundance with those on species richness (see Gotelli and Colwell 2001) . Rarified species richness was estimated by Monte Carlo simulation using EcoSim simulation software, version 6.11 (Gotelli and Entsminger 2001) , and all randomizations were repeated 1000 times.
RESULTS
Feeding scar heterogeneity: natural patterns
Pool surveys.-Surveys of natural patterns of feeding scars revealed that fish produce substantial resource heterogeneity both within pools and among pools (Fig.  1) . Most pools displayed at least some evidence of fish generating a mosaic of resource states. Nevertheless, some pools (e.g., pools 4, 6, 7) were dominated by relatively recent feeding scars (scores 0 and 1), whereas recent feeding scars were sparse in other pools (pools 5, 9, 10). These differences in feeding scars among GRAZER EFFECTS ON SPATIAL HETEROGENEITY FIG. 1. Cross-sectional transects of fish-feeding scars scored for 10 pools in January 1998, and corresponding landscape indices (evenness, relative contagion, and relative patchiness index). Scars were recorded at 5-cm intervals and assigned a qualitative score of 0-3, based on a gradient of recent feeding (i.e., fresh grazing scar, score 0) to no evidence of grazing (i.e., heavy sediment layer, score 3). Notes: Organic and inorganic fractions increase whereas percentage organic content decreases with score. Chlorophyll a is reported for both epilithic (attached) and epipelic (loose) fractions. For each column, letters denote significant differences between scores based on Tukey's post hoc multiple-comparison tests. pools were reflected in a wide range of values observed for our heterogeneity indices. For example, evenness varied among pools from 0.06 to 0.95 during our early January 1998 survey (Fig. 1) . Landscape indices were tightly correlated to one another (C vs. E, r ϭ 0.99; C vs. P, r ϭ 0.93; E vs. P, r ϭ 0.90); thus, all indices displayed similar patterns even though they captured different aspects of heterogeneity.
Feeding scars as resource surrogates.-Our qualitative scoring system of feeding scars appeared to be an effective surrogate of resource states, as sediment and chlorophyll differed significantly among our four qualitative categories (Table 1) . Dry mass of sediments increased progressively with our scoring system (Wilks' lambda, F 6,66 ϭ 12.13, P Ͻ 0.0001; AFDM, ϭ 19.39, P Ͻ 0.0001), and differences were highly significant for both organic and inorganic matter (Table  1) . Likewise, algal biomass, as measured by chlorophyll a, increased along our scoring gradient (Wilks' lambda, F 6,78 ϭ 13.66, P Ͻ 0.0001). This increase was driven by epipelic (i.e., loose overstory) algae, which displayed highly significant differences among qualitative scores (F 3,40 ϭ 15.25, P Ͻ 0.0001). In contrast, no differences were observed among the different scoring categories for epilithic (i.e., attached) algae (F 3,40 ϭ 0.11, P Ͻ 0.74).
Grazer density experiment
Feeding scar heterogeneity.-Parodon rapidly cleared substrates leaving readily visible feeding scars resulting in striking differences among density treatments. Consistent with our expectations, a greater proportion of substrate was cleared as grazer density increased (day 7, r 2 ϭ 0.93, F 1,9 ϭ 120.07, P Ͻ 0.0001; day 14, r 2 ϭ 0.75, F 1,9 ϭ 49.27, P Ͻ 0.0001), and substrates were virtually grazed in their entirety (i.e., 100% feeding scars) in the highest density treatment (i.e., 10 Parodon/m 2 ). Highly significant differences were observed among Parodon density treatments in the spatial heterogeneity of resources, that is sedimentrich patches vs. feeding scars (Fig. 2) . After seven days, a hump-shaped curve was apparent in the relationship between grazer density and spatial heterogeneity of resources; i.e., greater heterogeneity was observed for intermediate densities of Parodon (2.5 and 5 fish/m 2 ) compared to either the low-density (1.25 fish/m 2 ) or high-density (10 fish/m 2 ) treatments (Fig. 3) . This unimodal curve was apparent for each of our landscape measures, and fits to a quadratic model after seven days were highly significant (Wilks' lambda, F 3,7 ϭ 9.01, P Ͻ 0.0084; evenness, r 2 ϭ 0.60, F 1,9 ϭ 33.42, P Ͻ 0.0003; contagion, r 2 ϭ 0.50, F 1,9 ϭ 27.56, P Ͻ 0.0005; and patchiness, r 2 ϭ 0.35, F 1,9 ϭ 24.06, P Ͻ 0.0008) (Fig. 3) . Interestingly, the shape of the relationship between grazer density and resource heterogeneity changed considerably by 14 days, from a unimodal to a negative curvilinear relationship (Wilks' lambda, F 3,7 ϭ 5.83, P Ͻ 0.0256; evenness, r 2 ϭ 0.64, F 1,9 ϭ 20.15, P Ͻ 0.0015; contagion, r 2 ϭ 0.77, F 1,9 ϭ 41.57, P Ͻ 0.0001; and patchiness, r 2 ϭ 0.80, F 1,9 ϭ 41.13, P Ͻ 0.0001) and the presence of a single fish per square meter was sufficient to produce comparatively high amounts of spatial heterogeneity (Fig. 3) . Thus, by 14 days, the greatest spatial heterogeneity was observed at the two lowest grazer densities, and the highest density treatment was a homogenous grazed surface devoid of sediments and associated epipelic algae.
Invertebrate and algal diversity and abundance.-We observed a highly significant effect of Parodon density on invertebrate species richness. Species richness was estimated by rarefaction (see Methods) because more than twice the number of invertebrates was found on substrates in low density enclosures compared to the other Parodon density treatments (Table 2 ; r 2 ϭ 0.56, F 1,9 ϭ 13.00, P Ͻ 0.005). Estimated invertebrate richness (i.e., rarified richness) increased with Parodon density despite a decrease in raw richness (r 2 ϭ 0.51, F 1,9 ϭ 12.02, P Ͻ 0.007; Fig. 4) . Thus, at high grazer density, the few individuals present represented a broad diversity of invertebrate taxa. In contrast, large numbers of individuals were found at low grazer densities, however, assemblages were largely dominated by few invertebrate taxa.
Likewise, total algal biovolumes in low Parodon density treatments were nearly twice those of any other treatment (Table 2) . Although algal biovolumes differed among treatments, specific patterns varied among taxa (MANOVA, Wilks' lambda, F 12,8 ϭ 3.54, P Ͻ 0.044). For example, biovolumes were 15-88 times greater at low Parodon density (i.e., 1.25 fish/m 2 ) compared to all other treatments for diatoms (one-way AN-OVA, F 3,6 ϭ 9.79, P Ͻ 0.01) and filamentous green algae (one-way ANOVA, F 3,6 ϭ 12.19, P Ͻ 0.006). In contrast, grazers appeared to facilitate cyanobacteria, which displayed the greatest biovolume in the high Parodon density treatment (one-way ANOVA, F 3,6 ϭ 4.72, P Ͻ 0.0587). The response of cyanobacteria was largely driven by the nitrogen-fixing cyanobacterium Calothrix, as progressively greater biovolumes were observed with increasing Parodon density (simple linear regression, r 2 ϭ 0.69, F 1,9 ϭ 5.01, P Ͻ 0.0599). Algal taxon richness exhibited a pattern similar to biovolume, with considerably greater expected richness in the low Parodon density treatment (mean Ϯ 1 SE ϭ 26.8 Ϯ 0.9 taxa) compared to the other treatments (12.1 Ϯ 0.9-14.7 Ϯ 2.5 taxa; one-way ANOVA, F 3,6 ϭ 21.49, P Ͻ 0.002; Fig. 4b ). There was a weak negative trend between expected algal richness and Parodon density, however, this relationship was not highly significant (r 2 ϭ 0.56, F 1,9 ϭ 4.03, P Ͻ 0.085).
Despite the strong treatment effects of Parodon density, there were no significant effects of spatial heterogeneity per se on species richness of either invertebrates or algae. This absence of any relationship between heterogeneity and richness was observed regardless of the heterogeneity index employed (simple linear regression; invertebrates evenness, P Ͻ 0.8470; algae evenness, P Ͻ 0.8075; invertebrates contagion, P Ͻ 0.6503; algae contagion, P Ͻ 0.8334; invertebrates patchiness, P Ͻ 0.5566; algae patchiness, P Ͻ 0.4892).
DISCUSSION
Our field observations and experimental findings suggest that grazing fishes generate spatial heterogeneity in tropical Andean streams. Using three landscape measures, we observed high concordance in the relationship between fish density and spatial heterogeneity despite the fact that indices captured different aspects of heterogeneity (e.g., relative proportion of patch types, contrast among patches) Reynolds 1994, Forman 1995) . Moreover, the range of index values for spatial heterogeneity measurements at 5-cm intervals in our pool surveys (Fig. 1 ) was comparable to those for measurements at 15-cm intervals in our experimental study (Fig. 3) .
Although previous studies have established that grazers can act as sources of environmental heterogeneity (e.g., Gelwick and Matthews 1997 , Knapp et al. 1999 , Gelwick 2000 , Adler et al. 2001 , Augustine and Frank 2001 , relatively little attention has been paid to the relationship between grazer density and spatial heterogeneity of resources (but see Sarnelle et al. 1993 , Sommer 1999 , Adler et al. 2001 . We found that creating a heterogeneous microlandscape requires few individuals, but the degree of heterogeneity is at least in part a function of grazer density. We sug- gest that a unimodal curve may often describe the relationship between consumer density and spatial heterogeneity of resources; however, a suite of factors will modify the nature of the density-heterogeneity relationship. It is likely that variation in the relationship will be context dependent and influenced by consumer feeding mode and the pre-existing spatial pattern of background environmental structure (Adler et al. 2001) , as well as the scale of measurement and the interplay between rates of resource removal (via direct consumption or nontrophic processes) and resource renewal (Abrams 2000) .
Our findings partially support the notion of a humpshaped density-heterogeneity relationship. After seven days, we observed a unimodal curve similar to our predictions. However, by 14 days, fewer individuals were needed to generate a level of heterogeneity comparable to higher fish densities the week before. We surmise that the curve shifted such that only the descending limb of the putative unimodal density-heterogeneity curve was apparent by day 14. With more time, we might have seen a further shift in this curve whereby even fewer individuals would be able to generate highly significant amounts of spatial heterogeneity. Similarly, simulations by Poff and Nelson-Baker (1997) to model effects of grazing snails suggested a temporal shift towards fewer individuals needed to generate high spatial heterogeneity. Corresponding to our findings, Poff and Nelson-Baker observed that, at one week, intermediate densities (100 snails/m 2 ) produced high spatial heterogeneity, as measured by landscape patchiness; yet, by two weeks, much lower densities (20 snails/m 2 ) could generate comparable levels of heterogeneity in their simulations.
Does spatial heterogeneity explain patterns of species richness?
We hypothesized that the generation of higher spatial heterogeneity of resources at intermediate consumer densities would be an important mechanism for maintaining species richness. The relationship between grazer density and plant diversity is often predicted to be unimodal (e.g., Harper 1969 , Paine 1977 , Lubchenco 1978 , Milchunas et al. 1988 , and the intermediate disturbance hypothesis (IDH; Connell 1978 ) is one conceptual framework that is used to explain this pattern (see Steinman 1996, Collins and Glenn 1997) . The rationale for a unimodal relationship is that few grazerresistant taxa can persist under intense grazing pressure, whereas competitive exclusion occurs in the absence of grazing thus resulting in decreased diversity. In contrast to the IDH, the notion that organismally generated heterogeneity maintains richness at the landscape scale (i.e., across patch types) requires no special role for competitive interactions and assumes that species abundance may be more related to the distribution of resources rather than the ways that organisms subdivide resources (Huston 1994 , Jones et al. 1997 . The important requisites are that (1) organisms generate and maintain microhabitat heterogeneity via trophic or nontrophic mechanisms, and (2) at least some subset of the pool of colonizing species specializes on the different patch types (Wright et al. 2002) .
In our experiment, taxonomic richness of invertebrates and algae was strongly influenced by grazing fish density; nonetheless we found little support for the importance of organismally generated heterogeneity in explaining patterns of diversity. Despite the strong effects of Parodon on spatial heterogeneity, invertebrate and algal richness was not positively correlated with heterogeneity. One possibility is that disparities in sample sizes used to measure spatial heterogeneity and species richness limited our ability to detect such a relationship. However, this alone is an unsatisfying explanation given that rarified invertebrate richness was greatest in enclosures with the highest fish densities where heterogeneity was virtually undetectable by any measure. Thus fish appear to strongly influence invertebrate species richness, although the mechanism explaining high species richness with increasing Parodon density is puzzling. Our results contrast with Sommer's (1999 Sommer's ( , 2000 studies in aquaria, in which grazing snails enhanced algal diversity by increasing the spatial heterogeneity of benthic biofilms.
The hypothesis that organismally generated heterogeneity enhances species richness assumes that some taxa specialize on distinct patch types. For example, beavers generate habitat heterogeneity through their dam-building activities, which in turn results in increased plant species richness across the landscape (Wright et al. 2002) . Beaver increase species richness in part because a host of plant species found in beaver meadows do not occur in unengineered riparian zones. In the case of grazing fishes in tropical Andean streams, we found little evidence that most algae and invertebrate taxa were specialized to any given patch type; instead we often observed broad overlap of species occurring in both recently grazed and ungrazed patches. Thus, among assemblages of generalists capable of colonizing and surviving in a broad assortment of patch types, other factors such as resource availability, food quality, or predators may be more important in ultimately determining patterns of diversity.
Patterns of diversity in Andean piedmont streams may be highly dependent on the interplay between rates of patch generation by grazing fishes and patch colonization by insects and algae. Grazing fish may not enhance diversity if invertebrates and algae respond at temporal scales that are much slower than the frequency with which fish graze benthic substrates. Models of patch dynamics suggest that time scales of patch generation and colonization can strongly affect the resulting diversity, and depending on the relative rates of these processes can lead to either species enrichment, impoverishment, or little effect (Caswell and Cohen 1991) . For example, Huston's (1994) dynamic equilibrium model (DEM) of species diversity emphasizes how fundamentally different relationships between disturbance frequency or intensity and species diversity can result, depending on rates of population growth and competitive displacement. Thus, a given level of disturbance can result in either high, low, or intermediate species diversity depending on the interplay between rates of different processes.
In summary, our findings suggest that organisms can be important sources of environmental heterogeneity in tropical Andean streams. Nonetheless, we found little evidence that increased microhabitat heterogeneity supported more diverse assemblages of organisms. The consequences of organismally generated heterogeneity may be more important in affecting the spatial distribution of specific functionally important species (e.g., Calothrix) rather than community structural properties such as diversity. We focused on heterogeneity in benthic sediments because our previous work (Flecker 1992 (Flecker , 1996 (Flecker , 1997 and work by others (Power 1990 , Pringle et al. 1993 , 1999 , Pringle and Blake 1994 has shown that this resource is important for algal and invertebrate assemblages in tropical streams. However, we conclude that organismally generated heterogeneity in benthic sediments does not necessarily promote species diversity due to the absence of patch differentiation or resource specialization by algae and invertebrates coupled with high turnover rates of benthic sediment patches. For example, we have found that benthic organic matter turnover rate in Rio Las Marias can be as rapid as one to three days (B. Taylor and A. Flecker, unpublished data) . Undoubtedly, the relationship between spatial heterogeneity and diversity is complex and will remain a fundamental challenge for ecologists to disentangle.
